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In this Letter, we propose a new method to characterize the temporal structure of arbitrary optical
laser pulses with low pulse energies. This approach is based on strong field photoelectron holography
with the glory rescattering effect as the underlying mechanism in the near-forward direction. Uti-
lizing the subfemtosecond glory rescattering process as a fast temporal gate to sample the unknown
light pulse, the time-dependent vectorial electric field can be retrieved from the streaking photoelec-
tron momentum spectra. Our method avoids the challenging task of generation or manipulation of
attosecond pulses and signifies important progress in arbitrary optical waveform characterization.
PACS numbers: 32.80.Rm, 32.80.Fb, 42.40.Kw
Probing or manipulation of ultrafast electron dynam-
ics on a subfemtosecond(≤ 10−15 s) or attosecond(∼
10−18 s) timescale necessitates ultrashort laser pulses
lasting only a few or near-single optical cycles with con-
trollable waveforms[1–7]. Developments in frequency
comb technology combined with pulse-shaping methods
have allowed arbitrary electromagnetic waveforms to be
synthesized at optical frequencies[8–13]. Knowledge of
the temporal structure of these light pulses is a prerequi-
site for subsequent applications. Traditional characteri-
zation techniques, such as frequency-resolved optical gat-
ing(FROG), spectral phase interferometry for direct elec-
tric field reconstruction(SPIDER) or dispersion scan(d-
scan), have been used to measure the spectral/temporal
amplitude/phase or dispersion/chirp of short pulses[14–
16]. However, the phase-matching problem of nonlin-
ear crystals and the deficiency in determining the abso-
lute phase(carrier-envelope phase, CEP) both limit their
applicability. Instead, direct access to the time-domain
electric field EL(t) requires a fast nonlinear response that
is significantly shorter than an optical cycle[17, 18].
Advancements in strong field physics have provided
such ultrashort temporal gates. One widely used tech-
nique is attosecond streak camera[19–22]: isolated at-
tosecond extreme ultraviolet(XUV) pulses generated by
higher-order harmonic generation(HHG) processes are
used to ionize atoms[23–28]. The ejected photoelectrons
are then streaked to different final energies by the test
laser field whose waveform is to be measured. The tem-
poral structure of both the test laser and the attosec-
ond XUV pulse can be accurately reconstructed from the
streaking photoelectron spectra[29, 30]. Two other all-
optical characterization methods, petahertz optical oscil-
loscope and attosecond spatial interferometry, both uti-
lize the subfemtosecond tunneling-recombination process
during HHG generation as the temporal gate to sample
the test optical laser field[31, 32].
Although these recent characterization techniques
yield good performance, their requirement of generation
or manipulation of broadband isolated attosecond XUV
pulses is still very challenging to meet[33–35]. In this Let-
ter, we propose a new method to extract the waveforms
of unknown laser pulses with commonly used strong near-
infrared(NIR) table-top laser light as a pump field to ir-
radiate the atoms. Our proposal utilizes facilities from
the strong field ionization and strong field photoelec-
tron holography(SFPH) fields[36], and information of the
weak test laser pulses is imprinted in the holographic in-
terference fringes of the final photoelectron momentum
distribution(PMD).
A strong NIR laser is able to tunnel ionize atoms,
and the liberated photoelectron may be driven back and
elastically scatter off the parent ion at a later time[37].
Concerning SFPH, strong field tunneling ionization plays
the role of an atomic-level beamsplitter: after tunneling,
part of the photoelectron wavepacket less impacted by
the ionic Coulomb potential forms a reference wave. The
other part, termed the signal wave, is steered around and
scatters off the atomic core. The hologram stemming
from interference of the reference and signal waves at
the detector encodes spatiotemporal information about
the interaction of the electron-ion system. Recently,
the interpretation of SFPH has been improved by the
discovery of the glory rescattering effect in strong field
ionization[38].
For theoretical demonstration purposes, a fundamen-
tal pump laser field with a wavelength of 800nm and an
intensity of 1.5× 1014W/cm2 is used to ionize hydrogen
atoms: E0(t) = 0 cos
2( pitT0 ) cos(ω0t)xˆ, where T0 = 3× 2piω0 ,
with the time duration only three optical cycles to elim-
inate multiple rescattering effects. Fig. 1(a) illustrates
the PMD in the polarization plane simulated using the
time-dependent Schro¨dinger equation(TDSE), with an
orthogonally polarized two-color(OTC) laser field. The
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2FIG. 1: (a) PMD calculated using the TDSE in the polar-
ization plane(pz = 0), and ionization of H atoms by an OTC
laser field. The glory interference maxima(GIM) estimated
by the semiclassical method(SC, blue diamonds) and strong
field approximation(SFA, black solid line) are also presented.
(b1-b2) Normalized transverse momentum distribution with
px = 0.2(b1) and 0.6(b2). Note that the SFA curves have been
shifted to match the peak positions calculated by the SC and
TDSE. (c)(d) Contour plots of the deflection functions with
η0 = 0.3 and px ≈ 0.6. The circle contour indicates the ini-
tial conditions of glory trajectories(GTs), while four typical
GTs(G1, G2, G3 and G4) are shown in (f) with XY and XZ
projections. (e)Two pairs of signal/reference trajectories with
initial conditions from regions (S1, R1) and (S2, R2). See the
text for more details.
test laser pulse has a wavelength of 1600nm, an in-
tensity of 2.4 × 1011W/cm2, and a time duration of
four optical cycles: EL(t) = L cos
2( pitTL ) cos(ωLt)yˆ, with
TL = 4 × 2piωL . The spider-like interference fringes char-
acteristic of SFPH are clearly visible[36]. Unless stated
otherwise, atomic units will be used throughout.
Without considering the Coulomb potential, the phase
difference responsible for the hologram between the signal
and reference photoelectron waves can be derived using
strong field approximation(SFA) or approximations from
the path integral method as follows[36, 39, 40]:
δφ ≈ 1
2
(p⊥ − kL)2(tr − tref0 ) (1)
in which p⊥ is the asymptotic photoelectron momentum
perpendicular to the fundamental laser polarization. tr
is the rescattering time, and tref0 is the ionization time
of the reference photoelectron wave. The intermediate
canonical momentum between tunneling and rescatter-
ing is kL = − 1tr−tR0
∫ tr
tR0
AL(t
′)dt′ to ensure that the elec-
tron travels back to the ion, while tR0 is the ionization
time of the rescattering wavepacket. Generally, for near-
forward rescattering with a small transverse momen-
tum p⊥, the tunneling time for reference and rescatter-
ing(signal) quantum paths are approximately the same:
tref0 ≈ tR0 . AL(t) = −
∫ t
EL(t
′)dt′ is the vector potential
of the weak test laser field.
However, a cos(Re(δφ))-like peak structure derived
from Eqn. 1 for the transverse momentum distribu-
tion(black dashed lines in Fig. 1(b1)(b2) for different
asymptotic longitudinal momenta px = 0.2, 0.6) fails to
reproduce the TDSE results(blue dotted lines). This
problem can be clarified from the semiclassical(SC) per-
spective of the Feynman path integral method, which
dictates that the dominant contributions come from the
regions around the classical trajectories. Fig. 1(c)(d) de-
pict the contour plots of the deflection functions p⊥ =
p⊥(η0,p⊥0) obtained by solving Newton’s equation of
motion after the electron emerges at η0 = ω0t0 =
ω0Re(tref0 ) ≈ 0.3[41, 42]. Due to Coulomb poten-
tial influence, the py0 pz0 plane can be divided into
four signal/reference regional pairs: (S1, R1), (S2, R2),
(S3, R3) and (S4, R4)(with the latter two not shown).
For the final photoelectron momentum originating from
inside these pairs, only two classical trajectories are
found(Fig. 1(e)); however, infinite classical trajectories
stemming from the circle contour dividing the signal and
reference regions all contribute to the same asymptotic
momentum(Fig. 1(f) depicts four such classical orbits).
This phenomenon is analogous to the (forward) glory
effect in quantum scattering theory[43]. The contribu-
tions of infinite so-called glory trajectories(GTs) to the
final momentum distribution should be summed up. Re-
ferring to Eqn. 1, for simplicity, consider the case with
only the NIR fundamental pulse; for a small deviation
∆p⊥ from the forward direction, we have ∆(Re(δφ)) ∼
∆p⊥p⊥0(tr − t0) ∼ ∆p⊥bg, where p⊥0 6= 0 is the initial
transverse momentum with the Coulomb potential in-
volved. bg ∼ p⊥0(tr−t0) is interpreted as the asymptotic
impact factor of GTs(Fig. 1(f))[38]. Then, the transverse
momentum distribution in the near-forward direction is
f(p⊥) ∝ | 12pi
∫ 2pi
0
ei∆p⊥bg cos θdθ|2 = J20 (bg∆p⊥). In an
OTC field, this would result in f(p⊥) ∝ J20 (bg|p⊥−pL|).
pL is the transverse momenta corresponding to the pri-
mary glory interference maxima(GIM)(on the circle con-
tour in Fig. 1(c)(d), |p⊥ − pL| ≡ 0). This result has
successfully interpreted the near-forward SFPH interfer-
ence fringes in PMD[38, 40, 44].
Using this SC photoelectron trajectory method, bg can
3FIG. 2: (a) Illustration of the sampling of a test laser
field with the subfemtosecond glory rescattering process.
Blue dashed arrows indicate the subcycle excursion of the
tunneled electrons. (b) Integrated PMD simulated using
the TDSE with time delay ∆τ = n
6
o.c., where n =
−6,−4,−2, 2, 4, 6(left to right). 1 o.c. = 2pi
ω0
.
be retrieved by back-propagation for each px[38]. The re-
sulting squared-Bessel-like peak structure(red solid lines
in Fig. 1(b1)(b2)) agrees very well with the TDSE sim-
ulation. A SC trajectory Monte Carlo simulation also
reproduces the position of the GIM pL(blue diamonds in
Fig. 1(a), black dotted lines in Fig. 1(b1)(b2)). An ap-
proximation of this position can be found from Eqn. 1[45]:
pL ≈ Re(kL). This result, shown in Fig. 1(a)(black solid
line), describes the TDSE/SC simulations quite well, es-
pecially for larger longitudinal photoelectron momentum
px. The deviation for smaller px is due to the Coulomb
effects.
Therefore, adding a weak test laser EL(⊥ E0) intro-
duces an extra factor into the phase difference between
the reference and signal photoelectron waves(Eqn. 1) or,
classically, slightly perturbs the whole bunch of glory
rescattering trajectories(Fig. 1(f)). One of the conse-
quences is a peak shift of the asymptotic transverse
momentum distribution, the same as that in nondipole
strong field ionization [42, 45–49]. Therefore, we can uti-
lize the subfemtosecond glory rescattering process as a
fast temporal gate to sample a test laser pulse by vary-
ing the time delay between the fundamental and weak
light pulses(Fig. 2(a)):
pL(∆τ) ≈ Re{−
1
tr − tR0
∫ tr+∆τ
tR0 +∆τ
AL(t)dt} (2)
Fig. 2(b) illustrates the TDSE simulation of PMDs with
different time delays; the GIM oscillate with ∆τ . If the
test light pulse does not contain frequency components
FIG. 3: (a1-a3) Streaking spectra of the photoelectron mo-
mentum along the test laser polarization direction versus time
delay for px = 0.4(a1), 0.6(a2) and 0.8(a3). The TDSE re-
sults(black stars) well fit the SC trajectory Monte Carlo sim-
ulation results. Blue solid lines are estimated using Eqn. 2.
(b1-b3) Corresponding electric fields(blue dotted lines) ex-
tracted from the GIM compared with the actual field(black
solid lines).
that are larger than about ω0, we can derive the approx-
imate waveform of the test light from the measured GIM
as AL(t) ≈ −pL(t− tα) + t2β d
2
dt2pL(t− tα) for larger lon-
gitudinal momentum(px ∼ (50% − 90%) × 0ω0 )[50], the
second term on the right hand side is much smaller than
the first in the present setup. tα,β are small time pa-
rameters determined by the fundamental ionizing laser
field(See the Supplementary for more details). Current
experiments can measure the smallest transverse momen-
tum amounting to that carried by a few photons, which is
on the order of δpc ∼ 10−3 a.u.[46, 49, 51]. It is sufficient
to resolve the peak positions in our scheme( LωL  δpc).
In the following demonstrations we have also chosen the
upper bound of the difference between two consecutively
sampled peak shifts, estimated as δp⊥ ∼ L sinhωLtiωLti δt, to
be slightly larger: δp⊥ & δpc, where ti = Im(tR0 ) and δt
is the time-step associated with changing the time delay
between the fundamental and test laser fields.
The streaking photoelectron spectra of the transverse
momentum distribution versus time delay are presented
in Fig. 3(a1)(a2)(a3) for different final longitudinal mo-
menta px = 0.4, 0.6, 0.8. The same test laser light is
used as in Fig. 1. TDSE results(black stars) agree very
well with the SC simulation results. The SFA calcu-
lation yields a good approximation(blue solid lines in
Fig. 3(a1)(a2)(a3)). More precisely, the electric field of
the test laser pulse can be directly solved from Eqn. 2:
EL(t) =
1
ipi
∫ ∞
−∞
ωp˜L(ω)
a(ω) + a∗(−ω)e
iωtdω (3)
p˜L(ω) =
∫∞
−∞ pL(∆τ)e
−iω∆τd∆τ is the corresponding
Fourier transform, and a(ω) = − ∫ tr
tR0
eiωt
′
dt′/(tr − tR0 ).
4FIG. 4: (a-b) Streaking photoelectron momentum spectra
for two independent polarization directions of the synthesized
test laser light with time-varying ellipticity(px = 0.8). (c) 3D
representation of the extracted electric field(blue spheres).
The result is compared to the synthesized waveform(black
spheres); the reconstructed electric fields in the yˆ and zˆ di-
rections(blue dotted lines) are also shown in the projections,
alongside the respective actual fields(black solid lines).
The extracted electric field is depicted as blue dotted
lines in Fig. 3(b1)(b2)(b3). It reproduces the original
test laser electric field(black solid lines).
The test optical laser is superposed on the fundamental
pump pulse with perpendicular polarization, and in prin-
ciple, the waveform of a test laser pulse with complex po-
larization states can be measured and reconstructed[32].
As an example, the streaking photoelectron spectra in
two independent polarization directions are shown in
Fig. 4(a)(b) for a light pulse with time-varying ellip-
ticity synthesized by two counter-propagating circularly
polarized laser beams: El = LfL(t − td/2)(cos(ωLt +
pi
4 )yˆ+ sin(ωLt+
pi
4 )zˆ) and Er = LfL(t+ td/2)(cos(ωLt+
pi
4 )yˆ − sin(ωLt + pi4 )zˆ)[52]. The same retrieval algo-
rithm is used to simultaneously extract the two electric
fields(Fig. 4(c)). For all of these complex test light con-
ditions, our method yields good results. In the frequency
domain, we have the relationship p˜L(ω) = r(ω)A˜L(ω),
the amplitude of the frequency response function r(ω) is
approximately unity until up to about ω0, so although
for demonstration purposes we have mostly used near-
monochromatic pulses, this approach is also suitable for
retrieval of optical waveforms with broad spectral band-
widths. By decreasing the wavelength of the fundamental
ionizing laser field to, e.g. 400nm, this method can be
used to measure the electromagnetic waveforms in the
visible, infrared and even terahertz regimes. Moreover,
even though the proposed procedure requires that the
time delay ∆τ be continuously varied, single-shot mea-
surement may be achieved by distributing the atoms spa-
tially and using the spatial dependence of the propagat-
ing electromagnetic wave A(ωt−k ·r) to provide the time
delay, where k = ω/c is the wave vector.
In conclusion, by leveraging the subfemtosecond
Coulomb glory rescattering effect as a fast temporal gate,
we can sample arbitrary optical waveforms directly in
the time domain with electron spectroscopy and recon-
struct the temporal structure of the vectorial optical laser
pulses. Our method completely avoids the use of attosec-
ond XUV optics, and a conventional experimental setup
related to strong field ionization research is sufficient to
provide the required data. Our results will facilitate
the study of ultrafast electron dynamics in attosecond
physics.
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Supplemental material for ‘Subfemtosecond glory hologrammetry for vectorial optical
waveform reconstruction’
J. F. Tao, J. Cai, Q. Z. Xia,∗ and J. Liu†
I. STRONG FIELD PHOTOELECTRON HOLOGRAPHY AS THE INTERFERENCE OF REFERENCE
AND SIGNAL WAVES
Thanks to the pioneering work on strong field photoelectron holography(SFPH)[S1], the interference pattern in
the final momentum distribution can be attributed to the interference of electron waves which reach the detector
directly with little Coulomb disturbance(reference or direct wave) and that which scatters off the parent ion(signal or
rescattering wave). The phase difference between the reference and signal waves mostly determines the interference
pattern in the momentum distribution:
P = |Ms +Mr|2 = |Ms|2 + |Mr|2 + 2|Ms||Mr| cos(∆S) (S1)
From the derivation by SFA, the phase factors for the reference and signal waves can be approximated respectively
as:
Sref =
1
2
∫ ∞
tref0
dτ(p+A(τ))2 − Iptref0 (S2)
and
Ssignal =
1
2
∫ ∞
tr
dτ(p+A(τ))2 +
1
2
∫ tr
tR0
dτ(k+A(τ))2 − IptR0 (S3)
Ip is the ionization potential of the atom. k is the intermediate canonical momentum between tunneling and rescat-
tering for the signal wave. p is the final asymptotic photoelectron momentum.
To solve for the various tunneling and rescattering time(tref0 , t
R
0 , tr), saddle point approximation will be used for
the reference(Eqn. S2) and signal(Eqn. S3) wave respectively:
1
2
(p+A(tref0 ))
2 + Ip = 0 (S4)
and
1
2
(k+A(tR0 ))
2 + Ip = 0
(k+A(tr))
2 = (p+A(tr))
2∫ tr
tR0
(k+A(τ))dτ = 0 (S5)
The phase difference can be derived as:
∆S =
1
2
∫ tr
tref0
dτ(p+A(τ))2 − 1
2
∫ tr
tR0
dτ(k+A(τ))2 + Ip(t
R
0 − tref0 ) (S6)
The test weak laser field has negligible influence on the derivation of the tunneling and rescattering time tref0 , t
R
0 , tr.
Moreover, for forward scattering with small transverse momentum p⊥, analysis shows that[S2]: t
R
0 ≈ tref0 , kx ≈ px
∗Electronic address: xia qinzhi@iapcm.ac.cn
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2FIG. S1: Amplitude(black dots) and phase(blue dots) of the frequency response function. Black and blue dashed lines represent
the approximate FRF: r(ω) ≈ (1− t2βω2)ei(−pi+tαω).
and Im(tr) ≈ 0, with these simplifications, the phase difference in Eqn. S6 for near-forward scattering can be derived
as:
∆S ≈
∫ tR0
tref0
(
1
2
(px +Ax(τ))
2 + Ip)dτ +
1
2
∫ tr
tref0
((p⊥ +A⊥(τ))
2 − (k⊥ +A⊥(τ))2)dτ
=
1
2
∫ tr
tref0
(p2⊥ − k2⊥ + 2p⊥ ·A⊥(τ)− 2k⊥ ·A⊥(τ))dτ
=
1
2
(p2⊥ − k2⊥)(tr − tref0 ) + (p⊥ − k⊥) ·
∫ tr
tref0
A⊥(τ)dτ
=
1
2
(p2⊥ − k2⊥)(tr − tref0 ) + (p⊥ − k⊥) · (−k⊥)(tr − tref0 )
=
1
2
(p⊥ − k⊥)2(tr − tref0 )
=
1
2
((py − ky)2 + (pz − kz)2)(tr − tref0 ) (S7)
in which
ky(z) = − 1
tr − tR0
∫ tr
tR0
Ay(z)(t
′)dt′ (S8)
In the above derivation, we have used the relationship Eqn. S5.
To retrieve the test laser waveform from the streaked photoelectron momentum distribution, experimentally ex-
tracting the peak shift of the transverse momentum distribution f(p⊥) is needed. Denoting this peak shift for every
time delay which corresponds to the GIM as pL(∆τ), then we have the approximation from Eqn. S8:
pL(∆τ) ≈ Re{−
1
tr − tR0
∫ tr+∆τ
tR0 +∆τ
AL(t)dt}
= Re{− 1
tr − tR0
∫ tr
tR0
AL(t+ ∆τ)dt} (S9)
Take the Fourier transform with variable ∆τ of both sides, we have:
p˜L(ω) = A˜L(ω)
a(ω) + a∗(−ω)
2
(S10)
3FIG. S2: Integrated photoelectron momentum distribution(PMD) in the polarization direction, ionization of H atom by an
OTC laser field with time delay ∆τ = 0. TDSE and SC Monte Carlo simulations for (a) and (b) respectively. Inset(a):
Holographic interference pattern by TDSE simulation. Blue diamonds in panel (a) are the peak shift calculated by SC in panel
(b).
A˜L(ω) =
∫∞
−∞AL(t)e
−iωtdt, p˜L(ω) =
∫∞
−∞ pL(∆τ)e
−iω∆τd∆τ are the corresponding Fourier transforms, a(ω) =
− ∫ tr
tR0
eiωt
′
dt′/(tr − tR0 ). Defining the frequency response function(FRF) of our measurement process r(ω) =
a(ω)+a∗(−ω)
2 , its amplitude and phase are plotted in Fig. S1. We can clearly see that no frequency components
contained in the test pulse AL(t) are significantly suppressed(|r(ω)| ≥ 0.3, for when px = 0.8 with the current
fundamental ionizing field), so there is no strict restriction on the frequency bandwidth of the test pulse from this
perspective. Actually we do not intend our method to measure electromagnetic waves with very short wavelengths.
Other restrictions will be simply discussed below.
Because we use Fast Fourier Transform(FFT) algorithm in the retrieval process, the timestep δt of the delay ∆τ
should not be chosen arbitrarily. Since AL(t) =
1
2pi
∫∞
−∞ r
−1(ω)p˜L(ω)e
iωtdω, r−1(ω) decreases exponentially with
increasing ω. Designating ωc as a critical frequency when r
−1(ωc) is sufficiently small. To ensure that no relevant
frequency components are filtered out in the retrieval process, a requirement of δt therefore is:
ωNyquist =
2pi
2δt
≥ ωc (S11)
In our numerical demonstrations with the proposed test laser fields, a timestep of about δt ∼ 2 a.u. is used; with this
timestep, |r−1(ωNyquist)| ∼ 10−10. δt can be increased in realistic experiments. With this δt, the Nyquist ωNyquist
corresponds to a wavelength of about 29nm, in the deep ultraviolet regime. This high frequency component (if with
substantial intensity) will strongly distorts the tunneling ionization process, rendering our method invalid. Therefore
δt can be further increased.
Aside from the restriction on the timestep δt, the smallest transverse momentum δp⊥ increment that can be
distinguished by two consecutive measurement steps is also restricted. A rough estimation can be obtained from
Eqn. S9, assuming EL(t) ≈ L cosωLt, tr − t0  2piωL (t0 = Re(tR0 )):
δp⊥ = |Re{ 1
tr − tR0
∫ tr
tR0
EL(t+ ∆τ)dt}|δt <∼ L
sinhωLti
ωLti
δt (S12)
where ti = Im(tR0 ). In the recent study on photon momentum partition and nondipole effects in strong field
ionization[S3–S5], experimentalists are able to resolve the photoelectron transverse momenta amounting to a few
photons, on the order of δpc ∼ 10−3 a.u.. With δt used in our simulation, the upper bounds of δp⊥ with our test light
pulses(Fig. 3 and Fig. 4) are about 0.005 a.u. and 0.01 a.u.. Test laser pulses with larger intensities can be used in
experiments[S2, S6]. One may need to resort to statistical spectral analysis for a more detailed estimation.
4FIG. S3: Extracted asymptotic impact factor of the glory trajectories for different longitudinal momentum px.
Concluding this section, the electric field of the test laser field is directly expressed as:
EL(t) =
1
ipi
∫ ∞
−∞
ωp˜L(ω)
a(ω) + a∗(−ω)e
iωtdω (S13)
II. SEMICLASSICAL(SC) TRAJECTORY MONTE CARLO SIMULATION
In our SC model[S7], the electron tunnels through the potential barrier formed by Coulomb potential of the atomic
core and the instantaneous laser electric field. The photoelectron (released at the tunneling exit r0 from the ion) has
a Gaussian transverse (with respect to the direction of instantaneous electric field) velocity distribution: f(v⊥) =
exp[−κv2⊥/|(t0)|], κ =
√
2Ip and (t) is the instantaneous laser electric field strength[S8, S9]. Subsequently, the
electron moves in combined laser electromagnetic field and Coulomb potential governed by Newton’s equations of
motion: dpdt = −(E0(t) + EL(t)) − rr3 . A large ensemble of electron trajectories on the order of 106 is simulated for
analysis.
Fig. S2 illustrates the integrated two-dimensional PMD: TDSE and SC trajectory Monte Carlo simulations for
(a)(b) respectively. The laser parameters are the same as in Fig. 1.
According to the Coulomb glory rescattering theory[S10], the transverse momentum distribution in the near-forward
direction for a preassigned px would behave like:
f(p⊥) ∼ J20 (bg
√
(py − py,L)2 + (pz − pz,L)2) (S14)
The GIM in two independent directions(y and z) can be extracted from the final 3D momentum distribution simul-
taneously, without interfering from the other direction.
Using a similar shooting method with a preassigned final longitudinal momentum px as in reference[S10], we can
reversely extract the initial conditions for the glory trajectory, thus getting the value of the asymptotic impact factor
bg for every px. See Fig. S3.
A pure SC trajectory Monte Carlo simulation would yield a logarithmic-like peak structure for the transverse
momentum distribution(black dotted lines in Fig. 1(b1)(b2)); this results from the saddle points in the classical
deflection function(G1, G3 in Fig. 1(c) are two saddle points of py = py(p⊥0)|η0=0.3)[S11]. Therefore, if the saddle
points or, equivalently, the circle contour corresponding to the GTs are not in the regime of significance of the initial
transverse momentum distribution, the Coulomb glory rescattering effect would diminish. Back to the case discussed
in our research, this would roughly require that the electron drift due to the weak test laser should not be too large;
a very rough estimation would be:
L
ωL
<∼
√
0
κ
(S15)
The same criterion for an elliptically-polarized strong laser field has already been found[S12]. Moreover, in nondipole
strong field ionization, the transverse momentum drift due to the radiation pressure scales as Up/c, where Up =
20
4ω20
is
5FIG. S4: (a1-a3)Streaked photoelectron transverse momentum versus time delay for a triangle test light pulse, the reconstructed
electric field is shown in panels(b1)(b2)(b3).
the ponderomotive potential and c is the speed of light in vacuum. Since the same Coulomb glory rescattering effect
causes the counterintuitive peak shift of the transverse momentum distribution in laser propagation direction[S4, S5,
S13, S14], similar criterion
Up
c
<∼
√
0
κ holds[S15]. The momentum drift due to a true electric field will typically
be much larger than that due to the radiation pressure LωL 
Up
c , so the peak position of transverse momentum
distribution may be easier to measure in experiments for our method. For the laser parameters and timestep chosen
in our simulations, Up/c is on the same order of δp⊥. Fortunately for a particular px, the peak shift due to radiation
pressure of the fundamental laser field is a fixed value[S5, S14], therefore if the test laser field is superposed with
its polarization parallel to the propagation direction of the fundamental laser field, then a constant value due to the
radiation pressure should be subtracted from the measured peak shift of the transverse momentum distribution.
Now further inspecting the FRF(Fig. S1), the frequency components near a particular ωa ≈ 0.11 a.u. (corresponding
to about 400 nm) are the mostly attenuated. Analyses indicate that ωa ≈ 2ω0. Therefore for our scheme to encompass
shorter wavelengths, we can decrease the wavelength of the fundamental laser field to, e.g. 400 nm. Generally we
intend our method to measure the waveforms in the visible, infrared or even terahertz regimes, with relatively longer
wavelengths. From Fig. S1, we also conclude that if the test light pulses only contain components with wavelengths
longer than about λ0 = 800nm, the FRF can be approximated as:
r(ω) ≈ (1− t2βω2)ei(∓pi+tαω) (S16)
tα,β = tα,β(t
R
0 , tr) are small time parameters that are determined by the fundamental ionizing laser field(for larger px
when the Coulomb influence is small), and decrease with increasing ω0. In the current setup, tα ≈ 35 a.u., tβ ≈ 9 a.u.
Then we have the approximate relation:
pL(∆τ) ≈ −AL(∆τ + tα) + t2β
dEL
d∆τ
(∆τ + tα) (S17)
the second term on the right hand side is much smaller than the first term in the current setup. Numerical simulations
confirm this relationship. If we naively decrease the wavelength of the fundamental ionizing field indefinitely, the same
result as that in attosecond streak camera will be achieved. Of course this is not possible for our scheme.
The reason is that since the fundamental laser field E0 is used to initiate the strong field tunneling ionization process,
its intensity and wavelength should be adjusted to fall into the tunneling ionization regime. A rough requirement
would be that the Keldysh parameter should be small[S16]: γ =
√
Ip
2Up
<∼ 1, Up = 
2
0
4ω20
is the ponderomotive potential.
Calculations with different combinations of the intensities and carrier frequencies of the fundamental ionizing laser
fields indicate that Eqn. S16 is a very good approximation for the FRF r(ω) for when ω <∼ ω0. A choice of the ionizing
target with a smaller Ip may by advantageous. In experiments, rare gas atoms like krypton or xenon may be used.
6FIG. S5: (a)Streaking spectra for an octave-spanning linearly chirped light pulse(px = 0.8). (b) The retrieved electric field(blue
dotted line).
FIG. S6: (a)Streaking spectra for a quadratically chirped light pulse(px = 0.8). (b) The retrieved electric field(blue dotted
line).
Increasing the intensity of the ionizing fundamental laser field may also be considered, but be careful of the saturation
of strong field ionization. Some of these restrictions(Eqn. S11, Eqn. S12, and Eqn. S15) may be relaxed a little due
to a seemingly redundancy of data, which will be discussed briefly below.
III. DEMONSTRATION OF THE UTILITY OF OUR THEORY WITH MORE WAVEFORMS OF THE
TEST LASER FIELDS
Fig. S4 depicts the calculated results with a triangle wave. The streaking traces are shown in panels (a1)(a2)(a3) for
different final longitudinal momentum. In panel (b1)(b2)(b3), the extracted waveform by Eqn. S13 are also illustrated.
In Fig. S5(a)(b), the streaking photoelectron transverse momentum spectra and extracted waveform are depicted for
an octave-spanning linearly chirped pulse: EL(t) = LfL(t) cos(ωLt− ω
2
L
12pi t
2 +ψ), carrier frequency is ωL = 0.057 a.u.,
and time duration TL = 6× 2piωL . ψ is chosen so that
∫
EL(t)dt = 0. And L = 0.08× 0.
In Fig. S6(a)(b), the streaking photoelectron transverse momentum spectra and extracted waveform are depicted
for an quadratically chirped pulse: EL(t) = LfL(t) sin(ωLt +
ω3L
8pi2 t
3), carrier frequency is ωL = 0.028 a.u., and time
duration TL = 4× 2piωL . And L = 0.08× 0.
IV. DISCUSSION OF THE POSSIBILITY OF A NEW STREAK CAMERA SCHEME IN THE
ATTOSECOND/SUBFEMTOSECOND REGIME
In principle, our method is very analogous to the attosecond angular streaking (attoclock) technique[S17–S19].
While in attoclock, the tunneling photoelectron wavepacket(TPW) released by the strong near-circularly-polarized
laser field is streaked to different angles by the same field, yielding an one-to-one mapping between the tunneling time
and the final direction of the asymptotic electron momenta. In our scheme, the TPW is released by a strong linearly-
polarized laser field, careful tailoring of the waveform of this pump pulse may lead to a more confined TPW in the
time domain[S20]. Unfortunately, the glory trajectories released at different tunneling time all contribute to the same
7FIG. S7: Integrated streaking asymptotic momentum py spectra versus time delay between the pump(central wavelength
800nm, peak intensity 1.5 × 1014W/cm2, time duration three optical cycles) and probe(central wavelength 1600nm, peak
intensity 2.4×1011W/cm2, time duration four optical cycles) lights. (a): TDSE calculation. (b)(c): SC trajectory Monte Carlo
simulation results. In panels(a)(b), dotted lines are calculated by SFA with fixed longitudinal momenta px.
direction(parallel to the fundamental laser polarization). Introducing a perpendicularly-polarized weak probe field
lifts this degeneracy, yielding the one-to-one correspondence between the tunneling time and the direction of infinite
glory trajectories(Fig. 1(a), for different px(different tunneling time), the glory interference maximum is different):
t0 7→ pL.
Moreover, our scheme has an extra control knob compared to attoclock(in which the strong near-circularly-polarized
laser field acts both as the pump and the probe): the time delay between the fundamental and test laser pulses can be
varied. This indicates that our method also bears some similarities to the attosecond streak camera; in both cases, the
photoelectron transverse momentum/energy distribution for every time delay is a mapped replica of some properties
of the initial photoelectron transients[S21]. In Fig. S7 the integrated streaking transverse momentum spectra versus
time delay are demonstrated(with the longitudinal momenta px integrated out), the streaking traces are obviously
more ”broadband”(along the py axis). The ”bandwidth” is a measure of the TPW in the time domain.
This seemingly redundancy of data may lead to much more robust retrieval schemes. In attosecond streak camera,
this is reflected in the fact that with a time-delayed streaking spectrum, both the temporal structures of the attosecond
XUV and near-infrared light pulses can be retrieved double-blindly with accuracy, and the algorithm is very robust
against noises[S22]. Our scheme may finally evolve to a similar status. However, before that, a feasible theory that
can nicely account for the Coulomb effects should be developed(Eqn. S9 fails especially for small px due to Coulomb
potential influence). Although this theory is still lacking, our present work represents a first step toward a new
streaking scheme in the attosecond/subfemtosecond regime.
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